INTRODUCTION
============

Cancer immunotherapy, especially immune checkpoint blockers (ICBs) targeting the programmed cell death protein 1 (PD-1) pathway, has gained prominence because of its high clinical efficacy ([@R1], [@R2]). PD-1 ligands (PD-L1 and PD-L2) expressed on the surface of tumor cells and antigen-presenting cells engage PD-1^+^ T cells, resulting in T cell apoptosis, anergy, and exhaustion ([@R3], [@R4]). Blocking these interactions between PD-1 and its ligands with anti--PD-1 antibody (aPD1) leads to restoration of T cell function and long-term antitumor immune response ([@R5], [@R6]). Despite its promising potential, current aPD1 therapy benefits a relatively small fraction of patients, exhibiting only a 10 to 30% treatment response rate ([@R7], [@R8]). This is partially because patients characterized by insufficient infiltration of tumor antigen--specific T cells (primarily CD8^+^ T cells) and low tumoral expression of PD-L1 respond poorly to ICBs ([@R9], [@R10]). Furthermore, systemic administration as a conventional means results in off-target binding of the antibodies to normal tissues, compromising the efficacy of aPD1 therapy and inducing severe immune-related side effects ([@R11], [@R12]). Consequently, to fully realize the potential of ICBs, approaches are needed to elicit an immune-stimulating tumor microenvironment and to sensitize tumors to aPD1 with minimal off-target adverse events.

Recent studies have suggested that chemotherapy can initiate an antitumor immune response owing to immunogenic cell death (ICD) ([@R13], [@R14]). Tumors undergoing ICD trigger infiltration of tumor-associated T cells and promote an immunogenic tumor phenotype, revealing a promising strategy for combination immunotherapy ([@R7], [@R15], [@R16]). Systemic chemotherapy may impair bone marrow cell production and subsequently affect the number and activation state of resident immune cells ([@R17], [@R18]); in contrast, local chemotherapy, which can promote activation of tumor-associated dendritic cells and expansion of effector T cells (T~effs~), potentiates the antitumor immune response ([@R18], [@R19]). Therefore, we hypothesized that local chemotherapy has the potential to activate the immune system in a manner synergistic with a targeted aPD1 therapy.

Hydrogels are highly appealing "smart" drug delivery systems that allow site-specific delivery of various bioactive agents, with a potential for controlled and sustainable release ([@R20]--[@R23]). For local delivery, off-target--associated adverse events are minimized, while drug bioavailability is increased ([@R24]). More specifically, supramolecular hydrogels are formed by the physical cross-linking of filamentous assemblies, derived of peptide amphiphile--building units ([@R25], [@R26]). These supramolecular hydrogels use responsive solution-to-hydrogel (sol-gel) phase transitioning, permitting their direct injection into the target sites with minimal nonsurgical invasiveness ([@R27], [@R28]). Recently, direct conjugation of therapeutic agents onto the peptides has been shown to convert the drug into an effective hydrogelator, capable of creating a "self-delivery" hydrogel ([@R29], [@R30]). In addition, the ability of hydrogels to respond to the tumor microenvironment allows for better controlled release kinetics and improved therapeutic efficacy ([@R19], [@R31]).

Here, we report on the use of a drug-based supramolecular hydrogelator for local delivery of ICBs and demonstrate the high potency of this two-component system for enhanced immune stimulation and tumor regression ([Fig. 1A](#F1){ref-type="fig"}). Our findings reveal that this prodrug hydrogelator can serve as a reservoir for long-term, responsive release of both camptothecin (CPT) and aPD1 within the tumor microenvironment, so as to induce an immune-stimulating phenotype and prompt robust PD-1 blockade immune response, leading to 100% tumor regression for all treated mice in both GL-261 brain cancer and CT 26 colon cancer models.

![Schematic and characterization of in situ formed P-NT--aPD1 hydrogel.\
(**A**) Schematic illustration of localized CPT and aPD1 delivery using an in situ formed supramolecular hydrogel to attain bioresponsive drug release and tumor microenvironment regulation. (**B**) Representative transmission electron microscopy (TEM) images of diCPT-PLGLAG-iRGD nanotubes (P-NT). Scale bar, 100 nm. (**C**) The circular dichroism (CD) spectrum of the diCPT-PLGLAG-iRGD nanotubes solution. (**D**) Photographs of the sol-gel transition of P-NT upon the addition of phosphate-buffered saline (PBS). (**E**) Degradation profiles of diCPT-PLGLAG-iRGD in the presence or absence of glutathione (GSH) (10 mM). Data are given as means ± SD (*n* = 3). (**F**) In vitro cytotoxicity studies of free CPT and diCPT-PLGLAG-iRGD toward GL-261 brain cancer cells. IC~50~, median inhibitory concentration. (**G**) Inhibition of tumor spheroid growth was evaluated following treatment with free CPT or P-NT. Spheroids treated with drug-free Dulbecco's modified Eagle's medium were used as the blank control. Scale bar, 500 μm. (**H**) The degradation profiles of 200 μM diCPT-PLGLAG-iRGD solutions incubated in the presence or absence of matrix metalloproteinase 2 (MMP-2; 2 μg/ml). Data are given as means ± SD (*n* = 3). (**I**) Cumulative release profiles of CPT prodrugs (including diCPT-PLGLAG-iRGD and diCPT-PLG) and (**J**) aPD1 from P-NT--aPD1 hydrogels incubated in PBS with or without MMP-2. Data are given as means ± SD (*n* = 3). Photo credit: Feihu Wang, Johns Hopkins University.](aaz8985-F1){#F1}

RESULTS
=======

Characterization of the bioresponsive hydrogel
----------------------------------------------

We first synthesized the amphiphilic prodrug, diCPT-PLGLAG-iRGD, by conjugating a hydrophilic iRGD \[a peptide known to facilitate tumor tissue penetration of anticancer agents ([@R32])\] to two hydrophobic CPT molecules through a matrix metalloproteinase 2 (MMP-2) responsive linker (PLGLAG peptide) (fig. S1, A to C) ([@R33], [@R34]). The two CPT moieties were attached to the PLGLAG peptide through a reducible disulfanyl-ethyl carbonate (etcSS) linker that forms disulfide bonds with the cysteine residues of the peptide sequence. This CPT prodrug spontaneously assembles into supramolecular nanotubes (P-NTs) with tens of micrometers in length in aqueous environments ([Fig. 1B](#F1){ref-type="fig"}). Corresponding circular dichroism (CD) data showed a negative peak around 222 nm, indicative of forming highly ordered intermolecular hydrogen bonding, and a series of absorptions between 260 and 400 nm that are attributed to CPT packing in a highly ordered fashion ([Fig. 1C](#F1){ref-type="fig"}). We found that increasing the concentration of the P-NT solution or adding either phosphate-buffered saline (PBS) or cell medium could induce immediate formation of a self-supporting hydrogel ([Fig. 1D](#F1){ref-type="fig"} and movie S1). This is due to the addition of couterions and/or biomolecules from PBS or cell medium that promote nanotube-nanotube interactions through charge screening, enabling a greater degree of entanglement and subsequent hydrogel formation. Moreover, the P-NT gelation behavior and mechanical properties were assessed using a rheometer (fig. S2A). Addition of 10× PBS at 180 s resulted in a rapid increase in the storage modulus (*G*′), with the crossover point (*G*′ \> *G*″) occurring at \~183 s (3 s after PBS injection), indicative of forming a supramolecular hydrogel. This quick sol-gel transition suggests that this CPT prodrug gelator can be used to deliver aPD1 by simply mixing the antibodies with the P-NTs before gelation ([Fig. 1A](#F1){ref-type="fig"}). To prepare aPD1-encapsulated P-NT hydrogel, a therapeutic dose of aPD1 (50 μg) was mixed with a P-NT solution (150 μg of CPT in 30 μl of H~2~O). A hydrogel was formed immediately after the addition of PBS to the mixture (fig. S2B). Confocal imaging with Cy3-labeled aPD1 suggests spatially uniform distribution of aPD1 across the hydrogel (fig. S2, C and D).

To determine the release of free CPT from the diCPT-PLGLAG-iRGD prodrug, 10 mM glutathione (GSH) was used to mimic intracellular reductive conditions ([@R35], [@R36]). GSH is a cancer-relevant reducing agent that breaks the etcSS disulfide linker to release the parent CPT (fig. S3). We found that GSH-induced cleavage of diCPT-PLGLAG-iRGD occurred rapidly, with 95% of CPT prodrug degraded within 1 hour ([Fig. 1E](#F1){ref-type="fig"}), suggesting that the diCPT-PLGLAG-iRGD prodrug can quickly supply bioactive CPT in the intracellular GSH reductive environment. In the absence of GSH, the drug conjugate concentration decreased only 4% over 24 hours as a result of hydrolysis. In addition, the CPT prodrug and P-NT hydrogel exhibited superior cytotoxicity against GL-261 brain tumor cells and three-dimensional tumor spheroids, respectively ([Fig. 1, F and G](#F1){ref-type="fig"}, and fig. S4).

We used a PLGLAG peptide as a bioresponsive linker in our CPT prodrug design because it is cleavable by MMP-2, an enzyme known to be overexpressed in the tumor extracellular matrix ([@R33], [@R34]). MMP-2 was selected as the cleavage enzyme due to its association with the progression of malignant tumors and high expression in various tumor types including GL-261 brain tumors (fig. S5). To test the cleavability of the PLGLAG spacer, we incubated diCPT-PLGLAG-iRGD with the MMP-2 enzyme and analyzed the resultant products using high-performance liquid chromatography (HPLC) and mass spectrometry (MS). It is apparent that a new peak, identified as the cleaved product LAG-iRGD (fig. S6), was eluted at a retention time of 2.9 min. Monitoring the changes of this peak over time shows that diCPT-PLGLAG-iRGD is quickly degraded by MMP-2, with 54% cleaved after 8 hours ([Fig. 1H](#F1){ref-type="fig"}). Transmission electron microscopy (TEM) and CD (fig. S7) studies confirmed further that MMP-2 accelerates the degradation of the P-NT hydrogel by cutting and shortening these supramolecular nanotubes. The release of CPT and aPD1 from the P-NT--aPD1 hydrogel was subsequently investigated in the presence of MMP-2. As expected, an accelerated release was observed in MMP-2--treated hydrogels. CPT prodrugs displayed a sustained, linear release from the P-NT hydrogel ([Fig. 1I](#F1){ref-type="fig"}), whereas aPD1 showed a much faster release rate, with 53% released within 10 days in the presence of MMP-2 ([Fig. 1J](#F1){ref-type="fig"}). The nonlinear release profile displayed by aPD1 is characteristic of physically encapsulated proteins within a supramolecular hydrogel. The release rate is concentration dependent and largely determined by the protein diffusion parameters and hydrogel breakdown, often showing an initial burse release that quickly drops over time.

Supramolecular hydrogel extends local retention and release of aPD1 antibody
----------------------------------------------------------------------------

The in vivo formation of gels after injection and their subsequent degradation were then evaluated in C57BL/6 mice. After subcutaneous injection into the backs of mice, a solution containing 7.2 mM diCPT-PLGLAG-iRGD was observed to undergo a sol-gel transition within 5 min ([Fig. 2A](#F2){ref-type="fig"}). This in situ formed P-NT hydrogel displayed a nearly linear degradation profile, as determined by the mass loss method, with \~78% degraded within 45 days ([Fig. 2B](#F2){ref-type="fig"}). To assess the potential of this prodrug hydrogel to act as a drug delivery scaffold, we compared tumoral injections of aPD1 solutions and aPD1-encapsulating P-NT hydrogels. Three days following injection of free (CPT + aPD1), we found that Cy5.5-labeled aPD1 fluorescence appeared throughout the whole body and in major organs ([Fig. 2C](#F2){ref-type="fig"} and fig. S8, A and B). After 7 days, the fluorescence signal was not observed in tumors, indicating that aPD1 rapidly leaked out of the tumor tissue ([Fig. 2D](#F2){ref-type="fig"}). In stark contrast, for P-NT--aPD1--treated mice, almost all aPD1 was contained within the tumor tissue, and no fluorescence was detected in other parts of the bodies ([Fig. 2, C and D](#F2){ref-type="fig"}, and fig. S8, A and B). These results indicate that the P-NT hydrogel increases local retention of the therapeutic agents within the tumor tissue, reducing drug leakage and off-site accumulation. Furthermore, in vivo imaging system (IVIS) imaging revealed no fluorescence at the periphery of the tumors treated with free (CPT + aPD1) ([Fig. 2D](#F2){ref-type="fig"}), whereas P-NT--aPD1--treated tumors displayed strong fluorescence throughout the whole tumor. These results were also confirmed by confocal imaging of tumor tissue sections ([Fig. 2E](#F2){ref-type="fig"} and fig. S8C). The release profiles of aPD1 and CPT were quantitatively assessed using IVIS and HPLC, respectively. For free drug--treated mice, more than 90% of fluorescence was lost within 7 days after injection ([Fig. 2F](#F2){ref-type="fig"}), while for P-NT--aPD1--treated mice, a strong fluorescence signal could still be detected 15 days after injection, with approximately 29.2% remaining in the tumor tissue. Consistently, CPT exhibited a steady release profile in the P-NT--aPD1--treated group, with 53.6% liberated within 15 days, in contrast to a rapid release in the free drug--treated group, where no drug was detectable in the tumor site after 15 days ([Fig. 2G](#F2){ref-type="fig"}). To confirm whether iRGD can induce tumor tissue penetration of anticancer drugs, we designed and synthesized a control prodrug, diCPT-PLGLAG-iRGRD with a scrambled peptide sequence (fig. S9). This prodrug also formed a hydrogel (defined as P-NT--Sham) under physiological condition. Both P-NT--Sham--treated and P-NT--treated tumors displayed very strong CPT fluorescence in the tumor center (fig. S10). However, no blue fluorescence was detected at the periphery of tumors treated with P-NT--Sham hydrogel. This is in sharp contrast with the P-NT--treated mice, where distinct CPT fluorescence was observed even at the edges of the tumor.

![P-NT--aPD1 hydrogel enhances local retention and prolongs in vivo release of aPD1.\
(**A**) In vivo gel formation and retention after subcutaneous injection of P-NT solution in the back of C57BL/6 mice. (**B**) In vivo degradation profile of the P-NT hydrogel over time, as determined by the mass loss method. (**C**) Fluorescence IVIS imaging of the local retention and distribution of aPD1-Cy5.5 in mice, administered in solution form and with the P-NT hydrogel. Experiments were repeated three times. (**D**) Fluorescence imaging of tumor tissues and (**E**) tumor sections of GL-261 brain tumor--bearing mice after tumoral injections of free (CPT + aPD1) or P-NT--aPD1. Red, Cy5.5-labeled aPD1; blue, 4′,6-diamidino-2-phenylindole--stained nuclei. Scale bar, 200 μm. (**F**) Quantification of the in vivo retention profile of Cy5.5-aPD1 and (**G**) CPT. Statistical significance was calculated using a two-sided unpaired *t* test. Data are given as means ± SD (*n* = 3). \**P* ≤ 0.05, \*\**P* ≤ 0.01, and \*\*\**P* ≤ 0.001. Photo credit: Feihu Wang, Johns Hopkins University.](aaz8985-F2){#F2}

P-NT--aPD1 hydrogel elicits a robust antitumor immunity
-------------------------------------------------------

To assess the immune response of each treatment, we euthanized all mice at day 25 after tumor implantation and then analyzed tumor-infiltrating lymphocytes (TILs) and tumor cells using flow cytometry ([Fig. 3A](#F3){ref-type="fig"}). We designed and used diC~12~-PLGLAG-iRGD as a therapeutic-free hydrogel (fig. S11). Our results suggest that this "empty" hydrogel (E-Gel) had no important effects on TILs and tumor cells ([Fig. 3](#F3){ref-type="fig"}). P-NT treatment stimulated the production of type I interferons (IFNs) and chemokine CXCL10 (fig. S12, A to C). Type I IFNs are known to propagate dendritic cells activation and lead to antitumor T cell response, whereas CXCL10 is believed to facilitate the recruitment of T~effs~ to the tumor site ([@R22], [@R37]). Consistent with these findings, we also observed that the proportion of CD103^+^ dendritic cells and CD3^+^, CD4^+^, and CD8^+^ T cells in the P-NT--treated tumor tissue was substantially augmented ([Fig. 3, B to F](#F3){ref-type="fig"}, and fig. S12D). This observation shows that the P-NT hydrogel alone (no aPD1) could induce infiltration of T cells. When aPD1 was loaded into the E-Gel \[aPD1(L) (no CPT)\], an increased percentage of T cells were also observed within the tumor. This suggests that, as expected, the aPD1 alone can block the interactions between PD-1 and its ligands, resulting in increased T cell survival. The addition of aPD1 to P-NT (P-NT--aPD1) increased the percentage of CD8^+^ T~effs~ in tumors by 4.1- and 1.5-fold, relative to that of untreated and aPD1(L)-treated mice, respectively. Furthermore, P-NT treatment moderately reduced the percentage of FoxP3^+^CD4^+^ regulatory T cells (T~regs~) and myeloid-derived suppressor cells (MDSCs; Gr-1^+^CD11b^+^CD45^+^ cells) compared to the E-Gel ([Fig. 3, G and H](#F3){ref-type="fig"}, and fig. S13), whereas the combined P-NT--aPD1 treatment significantly decreased the ratio of T~regs~ and MDSCs. We also found that both P-NT and aPD1(L) treatment increased the frequency of PD-1^+^CD8^+^ T cells in the tumor microenvironment compared to those untreated mice ([Fig. 3I](#F3){ref-type="fig"} and fig. S14). The PD-1^+^CD8^+^ T cell response was most evident in tumors treated with dual P-NT--aPD1 therapy. Similar effects were also observed in CD4^+^ T cells ([Fig. 3J](#F3){ref-type="fig"}). Thus, the combined P-NT--aPD1 treatment provoked a potent antitumor immune response, as evidenced by the significantly decreased percentage of PD-L1--expressing CD45^−^ cells in P-NT--aPD1--treated tumors ([Fig. 3K](#F3){ref-type="fig"}). These results led us to conclude that P-NT--aPD1 treatment elicits an immune-stimulating tumor microenvironment in mice.

![Local delivery aPD1 by CPT prodrug hydrogel elicits a robust antitumor immunity.\
(**A**) Experimental schedule: GL-261 brain cancer cells were implanted into the right flank of mice on day 0. Mice were intratumorally injected on day 10 with P-NT, aPD1-loaded diC~12~-PLGLAG-iRGD (aPD1-L), or P-NT--aPD1 hydrogels, with diC~12~-PLGLAG-iRGD hydrogel (E-Gel) used as a drug-free control. Flow cytometric analysis was performed on lymphocytes extracted from the tumor on day 25. (**B**) Representative flow cytometric analysis images and (**D**) relative quantification of CD3^+^ T cell within the tumor by different treatment groups. (**C**) Representative flow cytometric images and (**F**) relative quantification of CD8^+^ T cell infiltration within the tumor by different treatment groups. (**E**) Quantification of CD4^+^ T cell that infiltration within the tumor in different treatment groups. (**G**) Representative flow cytometric analysis images and (**H**) relative quantification of Foxp3^+^CD4^+^ T cells (T~regs~). (**I**) The percentages of PD-1--expressing CD8^+^ T cells and (**J**) PD-1--expressing CD4^+^ T cells after different treatments. (**K**) The percentage of PD-L1--expressing CD45^−^ cells after different treatments. Statistical significance was calculated using a two-sided unpaired *t* test. Data are given as means ± SD (*n* = 3). \**P* ≤ 0.05, \*\**P* ≤ 0.01, and \*\*\**P* ≤ 0.001.](aaz8985-F3){#F3}

P-NT--aPD1 elicits complete regression of established GL-261 brain tumors
-------------------------------------------------------------------------

To evaluate the synergistic antitumor effects of the P-NT--aPD1 hydrogel, we used a subcutaneous GL-261 brain tumor model ([Fig. 4A](#F4){ref-type="fig"}). Tumor burden was monitored and quantified using bioluminescence signals and caliper measurements. The in situ formed gels were injected into the tumor when its volume reached \~100 to 150 mm^3^ at day 10. The E-Gel had no tumor inhibition effect (fig. S15, A and B). P-NT--treated mice showed a delay in tumor growth ([Fig. 4, B and C](#F4){ref-type="fig"}). Although aPD1(L) monotherapy was not sufficient to control tumor burden, tumor suppression was more pronounced in aPD1(L)-treated mice than those treated with P-NT. P-NT--aPD1 combination therapy resulted in the most effective tumor recession ([Figs. 4C](#F4){ref-type="fig"} and [5D](#F5){ref-type="fig"}), with all P-NT--aPD1--treated tumors fully regressed and 100% mouse survival at 100 days ([Fig. 4E](#F4){ref-type="fig"}). In contrast, free (CPT + aPD1) treatment exhibited worse tumor growth inhibition than P-NT--aPD1 treatment, even when a much higher dose of aPD1 (150 μg versus 50 μg in P-NT--aPD1) was given over three administrations. This study confirms that the P-NT--aPD1 hydrogel has an enhanced synergistic antitumor effect. In addition, mouse body weight, serum biochemistry, and blood cell count indicated no significant difference following P-NT--aPD1 treatment, indicating that localized P-NT--aPD1 did not induce obvious side effects (fig. S15C and table S1). Residual tumors were collected on day 25 after tumor implantation, and cells were subsequently analyzed using flow cytometry to investigate immune cell subset changes in response to different treatments. P-NT--aPD1--treated mice exhibited the highest frequencies of CD3^+^, CD4^+^, and CD8^+^ T cells among all the treatment groups ([Fig. 4, F and G](#F4){ref-type="fig"}, and fig. S15D). The percentage of CD8^+^ T~effs~ in the P-NT--aPD1--treated mice was 1.6-fold higher than the aPD1(L)-treated group and 1.9-fold higher than that of the free (CPT + aPD1)--treated mice. Moreover, the ratio of tumor-infiltrating CD8^+^ T~effs~ to T~regs~ was substantially increased after P-NT--aPD1 treatment ([Fig. 4H](#F4){ref-type="fig"}). Collectively, these results suggest that P-NT--aPD1 can effectively suppress tumor growth in mice by eliciting a robust, T cell--mediated, antitumor immune response.

![Intratumoral injection of P-NT--aPD1 elicits complete regression of established GL-261 brain tumors.\
(**A**) Experimental schedule: GL-261 brain cancer cells were implanted into the right flanks of mice on day 0. Mice were intratumorally (it.) injected on day 10 with free (CPT + aPD1), P-NT, aPD1-loaded diC~12~-PLGLAG-iRGD \[aPD1(L)\], or P-NT--aPD1 solutions. In the free (CPT + aPD1) group, treatment was administered three times (on days 10, 17, and 24). (**B**) The in vivo bioluminescence images of the GL-261 tumors on day 35 and (**C**) day 60. (**D**) Average tumor growth kinetics of different treatment groups; growth curves were plotted until the first mouse death. Data are given as means ± SD (*n* = 10 for P-NT--aPD1--treated group and *n* = 5 for other groups). (**E**) Survival curves corresponding to different treatment groups. (**F**) Quantification of CD3^+^ T cells and (**G**) CD8^+^ T cells infiltrating within the tumor between different treatment groups. (**H**) Ratios of the tumor-infiltrating CD8^+^ T~effs~ to T~regs~ in the tumors of different treatment groups. Statistical significance was calculated using a two-sided unpaired *t* test. Data are given as means ± SD (*n* = 3). \**P* ≤ 0.05, \*\**P* ≤ 0.01, and \*\*\**P* ≤ 0.001.](aaz8985-F4){#F4}

![Intratumoral delivery of P-NT--aPD1 induces T cell memory against tumor.\
(**A**) Mice that considered long-term survival from all treatment groups were rechallenged on the opposite flank in an attempt to develop new tumors. (**B**) The in vivo bioluminescence imaging of the GL-261 tumors was observed on day 110 and (**C**) on day 130. (**D**) Survival curves for naive and rechallenged mice from different treatment groups. Statistical significance was calculated via the log-rank (Mantel-Cox) test. (**E**) The percentage of CD8^+^ T~cm~ cells and (**F**) CD8^+^ T~em~ cells in splenocytes of the naive and rechallenged mice. Statistical significance was calculated using a two-sided unpaired *t* test. Data are given as means ± SD (*n* = 3). \**P* ≤ 0.05, \*\**P* ≤ 0.01, and \*\*\**P* ≤ 0.001.](aaz8985-F5){#F5}

P-NT--aPD1 induces durable immune response
------------------------------------------

To assess whether P-NT--aPD1 therapy could induce a memory response, we rechallenged mice that displayed long-term survival from all previous treatment groups with GL-261 cells on the opposite flank on day 100, with naive mice used as controls ([Fig. 5A](#F5){ref-type="fig"}). No tumor growth was observed in the free (CPT + aPD1), aPD1(L), and P-NT--aPD1 groups, as evidenced by the absence of bioluminescence signal of GL-261 cells ([Fig. 5, B and C](#F5){ref-type="fig"}). In contrast, all naive mice developed large tumors and died within 40 days of cancer cell implantation ([Fig. 5C](#F5){ref-type="fig"} and fig. S15E). These results reveal that a memory response upon tumor recognition occurred in all surviving mice treated with aPD1. It is noteworthy that the 100% overall survival of the P-NT--aPD1--treated mice was significantly higher than that of any other treatment group ([Fig. 5D](#F5){ref-type="fig"}). Sixty days after tumor rechallenge, spleens were collected to analyze memory immune cells. The percentages of CD8^+^CD44^high^CD62L^high^ central memory T (T~cm~) cells and CD8^+^CD44^high^CD62L^low^ effector memory T (T~em~) cells were both elevated in the long-term survival mice ([Fig. 5, E and F](#F5){ref-type="fig"}). It is notable that P-NT--aPD1--treated mice showed higher percentages of CD8^+^ T~cm~ (14.3%) and T~em~ (27.1%) cells than the saline (4.6 and 12.8%, respectively), CPT + aPD1 (10.9 and 23.7%, respectively), and aPD1(L) (11.2 and 22.8%, respectively) groups. These results suggest that a durable and robust T cell memory response was generated by local delivery of P-NT--aPD1 hydrogel.

Systemic antitumor immunity induced by localized P-NT--aPD1 therapy
-------------------------------------------------------------------

Next, we tested whether localized P-NT--aPD1 therapy induces systemic antitumor immunity against GL-261 tumors. An orthotopic glioblastoma tumor model was established in the left cortical surface to mimic tumor metastasis. On day 6, the primary tumors were locally treated with P-NT--aPD1 hydrogels ([Fig. 6, A and B](#F6){ref-type="fig"}). We observed that not only was the primary tumor growth substantially inhibited by the P-NT--aPD1 therapy but also the distant intracranial glioma development was suppressed ([Fig. 6C](#F6){ref-type="fig"}). In contrast, all untreated mice died within 25 days as a result of orthotopic glioma (fig. S15F). The P-NT--aPD1 therapy significantly prolonged survival time and completely eliminated tumors in 40% of mice ([Fig. 6D](#F6){ref-type="fig"}), indicating that localized P-NT--aPD1 therapy effectively suppresses the progression of both primary and "distant tumors." Consistent with these results, the frequency of CD8^+^ T cells and the ratio of tumor-infiltrating T~eff~ to T~reg~ increased in tumors treated with P-NT--aPD1 ([Fig. 6, E and F](#F6){ref-type="fig"}). These treatment outcomes suggest that localized P-NT--aPD1 therapy induced a protective systemic immune response against GL-261 tumors.

![P-NT--aPD1 treatment induces systemic antitumor immune response.\
(**A**) Experimental scheme: Mice were implanted with GL-261 cells in the right back and left cortical surface, and then primary tumors were locally treated with P-NT--aPD1 on day 6. In vivo bioluminescence imaging of the tumors was observed at scheduled time points. (**B**) Tumors on the right flank were locally treated with P-NT--aPD1 hydrogel, while intracranial gliomas were designated as distant tumors and were left untreated. (*n* = 10 for P-NT--aPD1--treated group and *n* = 5 for saline group). (**C**) In vivo bioluminescence imaging of the GL-261 tumors in response to local P-NT--aPD1 hydrogel treatment. (**D**) Survival curves corresponding to saline and P-NT--aPD1--treated mice. Statistical significance was calculated via the log-rank (Mantel-Cox) test. (**E**) Quantification of CD8^+^ T cells infiltrating within the tumors of the two treatment groups. (**F**) Ratios of the tumor-infiltrating T~eff~ to T~reg~ in the tumors of the treatment groups. Statistical significance was calculated using a two-sided unpaired *t* test. Data are given as means ± SD (*n* = 3). \**P* ≤ 0.05, \*\**P* ≤ 0.01, and \*\*\**P* ≤ 0.001.](aaz8985-F6){#F6}

Efficacy in a colon cancer model
--------------------------------

To ascertain the broad application potential of the P-NT--aPD1 chemoimmunotherapeutic hydrogel, we evaluated CT 26 colon cancer--bearing BALB/c mice. When tumor volume reached 100 to 150 mm^3^ at day 8, a solution containing P-NT and aPD1 was injected into the mice to from P-NT--aPD1 hydrogels in situ (fig. S16A). Consistent with our findings in the brain tumor model, mice treated with P-NT--aPD1 showed noticeable tumor growth inhibition (fig. S16B). One hundred percent of the mice treated with P-NT--aPD1 survived for at least 130 days and developed antitumor immune memory (fig. S16C). These results corroborate the high antitumor efficacy of P-NT--aPD1 hydrogel in cancer immunotherapy.

DISCUSSION
==========

Previous reports have shown that tumors undergoing ICD can elicit infiltration of tumor associated T effector cells and promote an immune-stimulating tumor phenotype ([@R7], [@R15], [@R16]). Our results suggest that the CPT prodrug hydrogel offers an effective and universal strategy to kill cancer cells while simultaneously eliciting antitumor immunity. We found an increased population of CD3^+^, CD4^+^, and CD8^+^ T cells (including PD-1^+^CD8^+^ T cells) in the tumor tissue upon P-NT hydrogel treatment. Moreover, P-NT substantially reduced the percentage of immune suppressor cells such as T~regs~ and MDSCs. These findings reveal that localized P-NT treatment has the potential to sensitize tumors to ICBs therapy.

The local delivery of aPD1 by a P-NT solution resulted in the formation of P-NT--aPD1 hydrogel within the injection site. Our results confirmed that this in situ formed P-NT--aPD1 hydrogel can notably enhance tumoral drug retention, serving as a reservoir for sustained release of both CPT and aPD1. We found that P-NT--aPD1 treatment can lead to an increase in the percentage of T~effs~ and in the ratio of T~eff~ to T~reg~ and induced a robust antitumor immune response. In both GL-261 brain cancer and CT 26 colon cancer models, 100% tumor regression was observed, revealing the most robust survival benefit among all the treatment groups. This is in stark contrast with the 40% survival of mice treated with free (CPT + aPD) at a much higher aPD1 dose. In this sense, P-NT--aPD1 essentially induces an immune-stimulating tumor microenvironment in mice. Our results also revealed that local administration of P-NT--aPD1 could induce durable T cell memory and robust systemic antitumor immunity, which should be useful for fighting tumor recurrence and potential metastasis. Collectively, these results led us to draw a conclusion that the combination of local chemotherapy with ICBs enhances antitumor immune response and substantially improves the overall response rate.

In addition to the observed therapeutic efficacy, the reported system also lowers the aPD1 dosage and minimizes systemic exposure. In previous studies, aPD1 has shown immune-related side effects with multiple systemic administrations *(*[@R12], [@R38], [@R39]*)*. To overcome this challenge, Hubbell and coworkers ([@R40]) have designed a matrix-binding checkpoint inhibitor conjugate to enhance intratumoral retention of anti-PD--L1 and to reduce systemic drug exposure. The Gu Lab attempted to use microneedle patches and injectable hydrogels to locally deliver aPD1 antibody to tumor sites ([@R19], [@R41]). These strategies can improve therapeutic outcome and, to some extent, avoid the side effects associated with systemic administration. In the case here, a single dose (50 μg versus 200 μg for three intraperitoneal injections) of aPD1-hydrogel could generate the desired therapeutic effect. Our results revealed that aPD1 can be hardly detected in major organs on day 7 after treatment (fig. S8, A and B), thereby reducing systemic toxicity and possible off-target inflammation. Moreover, the use of a prodrug hydrogelator to deliver aPD1 eases concerns about any possible short- or long-term toxicities of synthetic or natural drug carriers ([@R42]), representing a simple yet effective means to achieve combination chemo- and immunotherapy with translation potential. The incorporation of an MMP-2 responsive substrate and the iRGD segment in the peptide design may have contributed to the improved treatment efficacy and reduced side effects.

In summary, we have developed a combined chemoimmunotherapy strategy based on a prodrug hydrogelator to boost immunity against cancer. This in situ formed P-NT--aPD1 hydrogel can serve as a therapeutic reservoir for intratumoral release of both CPT and aPD1 over a long period of time. It increases the frequency of T~effs~ and reduces the population of immune suppressor cells, so as to provoke a robust antitumor immune response. The long-term memory T cell and systemic immune response, as a result of the P-NT--aPD1 treatment, suggests that this platform could potentially be used to treat tumor recurrence and metastasis.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

The objective of this study was to develop an in situ formed, bioresponsive hydrogel for local delivery of aPD1 and CPT for enhanced cancer chemoimmunotherapy. The antitumor efficacy was evaluated in GL-261 and CT 26 tumor models. Mice were randomized to different treatment groups based on tumor size and body weight. Animals from varying groups were imaged to assess tumor progression, tracked to create survival curves, and rechallenged with tumors to assess immune memory. To assess the phenotype of the TME, mice were euthanized at various time points. Sample sizes were selected on the basis of our previous experimental experience. Body weight and tumor size were measured every 2 days, and mice were euthanized when tumor volume exceeded 1 cm^3^ or when body weight loss exceeded 20%. Blinding was not performed. All experiments were repeated at least three times.

Animals
-------

Female BALB/c and C57BL/6 mice (8 to 10 weeks) were purchased from Charles River Laboratories. Animal experiments were performed in accordance with the animal protocol approved by the Animal Care and Welfare Committee at the Johns Hopkins University.

Synthesis of diCPT-PLGLAG-iRGD
------------------------------

The peptide C~2~K-GPLGLAG-cyl\[CRGDRGPDC\] was synthesized using an AAPPTEC Focus XC synthesizer via the standard Fmoc solid-phase technique. The purity and identity of the peptide were confirmed by HPLC and matrix-assisted laser desorption/ionization--time-of-flight MS, respectively. CPT-etcSS-Pyr was synthesized using the same method as previously reported ([@R35]). Then, C~2~K-GPLGLAG-cyl\[CRGDRGPDC\] (100 mg, 51 μmol) was dissolved in 5 ml of N~2~-purged dimethyl sulfoxide solution of CPT-etcSS-Pyr (115 mg, 204 μmol) and allowed to react overnight. The solution was purified by reversed-phase HPLC, and the product was lyophilized to obtain diCPT-PLGLAG-iRGD. The identity of diCPT-PLGLAG-iRGD was confirmed by electrospray ionization MS.

Self-assemble of diCPT-PLGLAG-iRGD
----------------------------------

For preparation of self-assembled diCPT-PLGLAG-iRGD nanotubes (P-NT), diCPT-PLGLAG-iRGD conjugate was directly dissolved in deionized water at 500 μM and aged for 24 hours at room temperature. The structure was then characterized by TEM (Technai 12 TWIN).

Hydrogel formation assay
------------------------

Sol-gel transition experiments were performed by adding 20 μl of 10× PBS to 180 μl of 7.2 mM P-NT solution. For preparation of aPD1-loaded hydrogel (P-NT--aPD1), 50 μg of aPD1 was added to the P-NT solution (150 μg of CPT). After vortexing, the mixture was incubated at 37°C for 30 min. PBS (10×) was then added to the P-NT--aPD1 solution to induce the formation of a hydrogel. Distribution of aPD1 in the hydrogel was further characterized using confocal microscopy (Zeiss LSM 510). For in vitro release studies and confocal imaging, aPD1 was labeled with Cy3. For in vivo imaging, Cy5.5-labeled aPD1 was used.

GSH responsive drug release
---------------------------

Briefly, 20 mM GSH and 400 μM diCPT-PLGLAG-iRGD stock solutions were prepared in water. Equal volumes of GSH and diCPT-PLGLAG-iRGD solutions were then mixed to reach a final GSH concentration of 10 mM and the mixtures were incubated at 37°C. Samples were then taken at predetermined time points (0, 0.5, 1, 2, 4, 8, 12, and 24 hours) and quantified using HPLC.

MMP-2 responsive drug release
-----------------------------

MMP-2 recombinant protein (4 μg/ml) and 400 μM diCPT-PLGLAG-iRGD stock solutions were prepared in water. Equal volumes of MMP-2 and diCPT-PLGLAG-iRGD solutions were then mixed and incubated at 37°C for the desired period of time (0, 0.5, 1, 2, 4, 8, 12, and 24 hours). Samples were then quantified using HPLC.

aPD1 and CPT release from P-NT--aPD1 hydrogel
---------------------------------------------

The in vitro hydrogel (P-NT--aPD1) release study was performed at 37°C in the presence or absence of MMP-2 (2 μg/ml). The quantity of aPD1 (labeled with Cy3) released was determined using a fluorescence spectrophotometer, whereas CPT release was quantified using HPLC.

In vivo hydrogel degradation
----------------------------

One hundred microliters of 7.2 mM P-NT solution was injected into the back of C57BL/6 mice. The mice were then euthanized at predetermined time points (1 hour and 5, 15, 30, and 45 days). The remaining hydrogel in each mouse was photographed, and the amount of drug that persisted within the hydrogel was determined using HPLC.

In vivo drug release from P-NT--aPD1 hydrogel
---------------------------------------------

To evaluate the in vivo release of aPD1 and CPT, free (CPT + aPD1) or P-NT--aPD1 solution was injected into the tumors. Fluorescence imaging of Cy5.5-aPD1 was monitored by an IVIS spectrum imaging system (PerkinElmer). At predetermined time points, mice were euthanized, and major organs and tumors were collected and imaged. Bioluminescence images were analyzed using Living Image software (PerkinElmer). The amount of CPT in the tumors was measured by HPLC. Harvested tumors were also snap-frozen, cut into micrometer sections, and stained with 4′,6-diamidino-2-phenylindole. The slides were then imaged using a confocal microscope (Zeiss LSM 510).

In vivo tumor models and treatment
----------------------------------

For the subcutaneous GL-261--luc tumor model, 2.5 × 10^6^ cells were inoculated on the right flanks of female C57BL/6 mice. After 10 days (tumor volume had reached 100 to 150 mm^3^), mice were randomly assigned to five groups (*n* = 5 to 10). Then, the mice were intratumorally injected with saline (30 μl on days 10, 17, and 24), free (CPT + aPD1) \[(50 μg of CPT + 50 μg of aPD1)/30 μl on days 10, 17, and 24\], diCPT-PLGLAG-iRGD NT solution (P-NT; 150 μg of CPT/30 μl single injection on day 10), aPD1-loaded diC~12~-PLGLAG-iRGD NF \[aPD1(L); 50 μg of aPD1/30 μl single injection on day 10\], or P-NT--aPD1 \[(150 μg of CPT + 50 μg of aPD1)/30 μl single injection on day 10\]. For rechallenge studies, mice with long-term survival from all treatment groups were inoculated with 2.5 × 10^6^ GL-261--luc cells on their opposite flank to develop new tumors.

To assess the systemic antitumor effects of P-NT--aPD1, mice were implanted with GL-261--luc cells in the both right back and left brain. Briefly, 2.5 × 10^6^ cells were inoculated on the right flanks of female C57BL/6 mice. The orthotopic glioblastoma tumors were established by implanting 5 × 10^4^ GL-261--luc cells into the left frontal lobe. The injection site was 2.5 mm lateral and 0.5 mm anterior from the bregma and 2.5 mm deep from the outer border of the cranium. Mice were imaged using an IVIS spectrum imaging system (PerkinElmer) to evaluate tumor growth. The tumor take rate was 100%. After 6 days, tumors on the right flank were treated with P-NT--aPD1 hydrogel (*n* = 10), while orthotopic gliomas were designated as distant tumors and did not receive any treatment. Control mice (*n* = 5) were treated with saline.

The tumor size and body weight were measured every 2 days. The tumor volume was calculated by the formula: *V* = (major axis) × (minor axis)^2^/2. The mice were also monitored using an IVIS spectrum imaging system (PerkinElmer). Mice were euthanized when tumor volume exceeded 1000 mm^3^ or when body weight loss surpassed 20%.

Flow cytometry
--------------

Flow cytometry was performed using a FACSCanto II instrument (BD Biosciences). Data were analyzed with FlowJo software (Tree Star). Antibodies against CD45 (30-F11), CD4 (RM4-5), CD8 (53-6.7), CD3 (17A2), CD44 (IM7), CD62L (MEL-14), Foxp3 (FJK-16 s), CD11b (ICRF44), Gr-1 (RB6-8C5), PD-1 (29F.1A12), and PD-L1 (10F.9G2) were purchased from BioLegend or eBioscience.

In vivo bioluminescence and imaging
-----------------------------------

Tumor growth in mice was observed using bioluminescence imaging. Ten minutes after intraperitoneal injection of [d]{.smallcaps}-luciferin (150 μg/g), mice were anesthetized and imaged using an IVIS spectrum imaging system (PerkinElmer). Bioluminescence images were analyzed using Living Image software.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism software 5. Data are presented as means ± SD. The two-tailed unpaired *t* test was used to determine statistical significance between two treatment groups. Survival was plotted using a Kaplan-Meier curve and assessed by a log-rank (Mantel-Cox) test.

Supplementary Material
======================

###### aaz8985_SM.pdf

We thank M. Lim and J. Fu from the Johns Hopkins University School of Medicine for sharing the GL-261--luc and CT 26 cells, respectively. We also thank Q. Huang and Y. Guan for support relating to cryosection. **Funding:** The work was supported by the Johns Hopkins Discovery Award. **Author contributions:** F.H.W. and H.C. participated in the conception and overall design of the study. F.H.W., D.X., H.S., W.J.Z., X.R.S., R.W.C., Z.Y.W., W.B.D., and H.W. performed the experiments and collected the data. F.H.W., H.S., and H.W. synthesized and characterized the diCPT-PLGLAG-iRGD. F.H.W., D.X., and F.W. performed the flow cytometry study. F.H.W., D.X., F.W., and H.C. analyzed and interpreted the data. F.H.W., D.X., M.K.M., R.C., R.O., F.W., and H.C. wrote the manuscript. **Competing interests:** The authors declare that they have no competing interests. **Data and materials availability:** All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional data related to this paper may be requested from the authors.

Supplementary material for this article is available at <http://advances.sciencemag.org/cgi/content/full/6/18/eaaz8985/DC1>

[View/request a protocol for this paper from *Bio-protocol*](https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.aaz8985).

[^1]: These authors contributed equally to this work.
